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SQ109, a 1,2-diamine related to ethambutol, is currently in clinical trials for the treatment of tuberculosis, but its mode of action
remains unclear. Here, we demonstrate that SQ109 disrupts cell wall assembly, as evidenced by macromolecular incorporation
assays and ultrastructural analyses. SQ109 interferes with the assembly of mycolic acids into the cell wall core of Mycobacterium
tuberculosis, as bacilli exposed to SQ109 show immediate inhibition of trehalose dimycolate (TDM) production and fail to attach
mycolates to the cell wall arabinogalactan. These effects were not due to inhibition of mycolate synthesis, since total mycolate
levels were unaffected, but instead resulted in the accumulation of trehalose monomycolate (TMM), the precursor of TDM and
cell wall mycolates. In vitro assays using purified enzymes showed that this was not due to inhibition of the secreted Ag85 myco-
lyltransferases. We were unable to achieve spontaneous generation of SQ109-resistant mutants; however, analogs of this com-
pound that resulted in similar shutdown of TDM synthesis with concomitant TMM accumulation were used to spontaneously
generate resistant mutants that were also cross-resistant to SQ109. Whole-genome sequencing of these mutants showed that
these all had mutations in the essential mmpL3 gene, which encodes a transmembrane transporter. Our results suggest that
MmpL3 is the target of SQ109 and that MmpL3 is a transporter of mycobacterial TMM.

Tuberculosis (TB) remains the number-one killer of people in-
fected with a single infectious agent worldwide and it is esti-

mated that a third of the world’s population is latently infected
with Mycobacterium tuberculosis, the etiologic agent of TB (70).
Current short-course chemotherapy requires a minimum of 6
months of treatment consisting of a 2-month intensive phase of
treatment with the drugs isoniazid (INH), rifampin, pyrazin-
amide, and ethambutol (EMB) followed by a 4-month continua-
tion of therapy with INH and rifampin alone (72). This treatment
regimen can achieve 95% cure rates in clinical trial settings where
optimal patient care is ensured, but global cure rates are much
lower. A driving factor for the low cure rates is default of patients
on chemotherapy due to the extended treatment duration, where
early discontinuation of chemotherapy increases the risk for de-
velopment of drug resistance. Almost 4% of all TB cases globally
are estimated to be multidrug resistant (71), with the number of
drug-resistant cases increasing annually. Thus, new drugs are ur-
gently needed to shorten the duration of TB chemotherapy, as well
as target drug-resistant TB (4).

Mycobacterial cell wall biosynthesis has historically been a par-
ticularly vulnerable target for chemotherapeutic intervention,
with many of the drugs in clinical use for TB targeting synthesis of
the mycolic acid (INH, ethionamide, and thiacetazone) or arabi-
nan (EMB) components of the cell envelope (3, 6, 34, 39). The
mycobacterial cell wall is composed of a covalently linked
complex of three heteropolymers, peptidoglycan, arabinogalac-
tan, and mycolic acids, often referred to as the mycolyl-arabinoga-
lactan-peptidoglycan complex (12, 13). This complex assembly
forms an asymmetrical, nonfluid monolayer decorated on its sur-

face with noncovalently associated “capsular” lipids, such as treh-
alose monomycolate (TMM), trehalose dimycolate (TDM), the
sulfolipids, phenolic glycolipids, and phthiocerol dimycoserosates
(PDIMs), as well as complex polysaccharides and small amounts
of protein (Fig. 1) (17, 22, 35). Despite our understanding of the
chemical structures involved in the cell wall complex, our knowl-
edge of the mechanistic details of their assembly remains incom-
plete and our understanding of their precise organization is still
evolving (27, 57, 74).

Mycolic acids are long-chain (C70 to C90) �-alkyl, �-hydroxy
fatty acids found anchored directly to terminal arabinose units of
the core complex, as well as in abundant esters of the disaccharide
trehalose as TMM and TDM (5, 50). These long-chain lipids are
the primary mediators of the hydrophobic character of the cell
envelope and form a closely packed, impermeable monolayer (12,
44, 45, 51, 67). The front-line agent INH inhibits mycolic acid
biosynthesis by the mycobacterial fatty acid synthase II complex
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via multiple mechanisms (66), resulting in loss of TMM and TDM
and of mycolates attached to cell wall arabinan. EMB, on the other
hand, inhibits the biosynthesis of the arabinogalactan component
of the mycobacterial cell wall (62). The exact mode of action of
EMB is unclear, although it is known to target the integral mem-
brane arabinosyltransferases involved in transfer of arabinan to
the galactan component of the cell wall, with resistance mutations
predominantly mapping to the arabinosyltransferase encoded by
embB (68). EMB treatment results in accumulation of both TDM
and TMM due to loss of the arabinan acceptor sites for the myco-
lates in the cell wall (49).

EMB was selected from analogs of the lead molecule N,N=-
diisopropyl ethylenediamine which was found to have activity
against M. tuberculosis in vitro and in vivo (59). EMB was intro-
duced into standard chemotherapy regimens when it was found to
be better tolerated than para-aminosalicylic acid and allowed the
reduction of the total duration of chemotherapy from 24 to 18
months in clinical trials (21, 41). Ethambutol has a modest po-
tency against M. tuberculosis in vitro (MIC, 10 �M) and, due to
ocular toxicity, can only be administered to humans at doses that
give peak serum concentrations less than 2-fold above the MIC,
resulting in suboptimal exposure due to its rapid elimination (se-
rum half-life of 4 h) (73). However, the favorable physicochemical
properties of ethambutol combined with its low cytotoxicity
spurred the search for improved ethylenediamine analogs with
improved potency against M. tuberculosis in vitro. Using a combi-
natorial solid-phase synthetic approach, more than 63,000 ana-
logs were tested and almost 3,000 rescreened for inhibition of M.
tuberculosis growth (40). Of the 69 most potent analogs that were
resynthesized in milligram scale, two compounds had submicro-
molar MIC values and one, SQ109, {N=-(2-adamantyl)-N-[(2E)-
3,7-dimethylocta-2,6-dienyl]ethane-1,2-diamine}, had low cyto-
toxicity as well as improved in vivo efficacy against M. tuberculosis
(55). SQ109 was shown to be superior to EMB in vitro as well as in
vivo (33), has favorable pharmacokinetic properties and, impor-
tantly, has been shown to accumulate in the lung, the site of M.

tuberculosis infection (32). Accumulation at the site of infection
may be a critical parameter that determines drug efficacy (54),
further underscoring the potential utility of SQ109 for TB chemo-
therapy. Replacement of EMB with SQ109 in drug combination
regimens leads to improved bacillary clearance from infected an-
imal tissues, which has prompted clinical evaluation of this com-
pound in phase I clinical trials to determine safety (53). SQ109 is
now entering trials to evaluate early bactericidal activity in pa-
tients with pulmonary TB (Michael Hoelscher, clinicaltrials.gov
ID NCT01218217, National Institutes of Health, 2011; http:
//clinicaltrials.gov/).

Despite this progress of SQ109 in clinical development, the
mode of action of SQ109 has remained elusive. Its synthesis was
based on the common N,N=-isopropyl ethylenediamine core that
led to the discovery of EMB. The initial screen that identified
SQ109 was based on the upregulation of the iniBAC operon pro-
moter (40), with the effects of SQ109 on the expression of the
proteins encoded by iniBAC being subsequently confirmed by
proteomic studies (31). The iniBAC operon encodes a set of genes
with unknown function, although they appear to be essential for
the activity of an unidentified pump which confers low-level drug
tolerance in Mycobacterium bovis and M. tuberculosis (15). These
genes are highly upregulated by many inhibitors of cell wall syn-
thesis (1, 11). However, SQ109’s mechanism of action was found
to be different from those of EMB and N,N=-isopropyl ethylene-
diamine since it retained full activity against EMB-resistant iso-
lates of M. tuberculosis (55), resulted in M. tuberculosis transcrip-
tional profiles that were distinct from the results for EMB and
N,N=-isopropyl ethylenediamine (11), and did not cause the rapid
depletion of cell wall-linked arabinose sugars associated with EMB
treatment (11).

In the current study, we conducted biochemical analyses to
identify the pathway perturbed by SQ109. SQ109 inhibits the in-
corporation of de novo-synthesized mycolic acids into the M. tu-
berculosis cell envelope more potently than EMB without affecting
total mycolate levels. Analysis of cellular mycolate pools indicated

FIG 1 Diagrammatic representation of the mycobacterial cell wall and proposed pathway involved in mycolic acid processing and export (12, 63) (adapted with
permission from reference 16a). The cartoon depicts some components of the cell wall while primarily focusing on trehalose monomycolate (TMM) and
trehalose dimycolate (TDM). Hypothetical or proposed steps are indicated by gray arrows, and question marks in parentheses represent hypothetical proteins/
enzymes not yet identified. The inset legend represents the shapes used to depict the components shown. Note that the diagram is not to scale and does not include
detailed structures or all components of the mycobacterial cell wall.

Tahlan et al.

1798 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


that SQ109 causes depletion of TDM pools with concomitant up-
regulation of TMM levels, and this effect was shown to be unre-
lated to the activity of the antigen 85 (Ag85) mycolyltransferases,
known to be involved in the conversion of TMM to TDM (Fig. 1)
(7) and transfer of mycolates to the cell wall (18, 29, 56). Our
hypothesis was that SQ109 inhibited the activity of an efflux sys-
tem for TMM, and this was further confirmed by the finding that
mutations in the essential mmpL3 gene, encoding a transmem-
brane transporter of unknown function, conferred resistance to
SQ109 and related ethylenediamine analogs but not EMB. This
finding further supports the notion that the mycolate donor to the
arabinogalactan-linked mycolates is TMM.

MATERIALS AND METHODS
Strains, media, and growth conditions. M. tuberculosis H37Rv was main-
tained in logarithmic growth phase in liquid culture using Middlebrook
7H9 medium (Becton Dickinson, NJ) containing 0.05% (vol/vol) Tween
80 supplemented with ADC (albumin-dextrose-catalase), and solid cul-
tures were maintained on 7H11 agar (Becton Dickinson, NJ) supple-
mented with OADC (ADC containing oleic acid). All antibiotics were
purchased from Sigma-Aldrich (St. Louis, MO), and all radiochemicals
were purchased from PerkinElmer, Inc. ADT (6-azido-6-deoxy-�, �=-
trehalose) for Ag85 inhibition assays was kindly provided by K. M. Backus
(2). M. tuberculosis was grown at 37°C, and liquid cultures were propa-
gated using roller bottles. Escherichia coli BL21(DE3) was purchased from
Invitrogen (Life Technologies), and cultures were grown in LB medium
for preparing Ag85 proteins as specified by the TB Vaccine Testing and
Research Materials Contract at Colorado State University (TBVTRM-
CSU) (http://www.cvmbs.colostate.edu/mip/tb/).

MIC determination and early aerobic kill assays. MICs were deter-
mined using the 2-fold broth dilution method with the MIC reported as
the concentration of drug that completely inhibits all visible growth after
1 week of growth (69). Aerobic kill assays were carried out using 10-fold
MIC concentrations of the respective compounds. Liquid cultures grown
to an optical density at 650 nm (OD650) of �0.3 were diluted 100-fold
before adding the respective compounds. One hundred-microliter sam-
ples were removed on days 0, 1, 2, 3, 4, 6, 8, 11, 14, and 21 and serially
diluted in triplicate, and the dilutions were plated in duplicate and incu-
bated for 4 to 6 weeks before assessing M. tuberculosis growth by counting
the number of CFU.

Macromolecular incorporation assays. Five-milliliter M. tuberculosis
cultures were grown to an OD650 of �0.3 before adding radiolabeled
precursors. Ten microcuries per milliliter of [4,5-3H]L-leucine (60 Ci/
mmol) and [1-3H]N-acetyl-D-glucosamine (5 Ci/mmol) were used for
monitoring protein and peptidoglycan biosynthesis, respectively. Ten mi-
crocuries per milliliter of [5,6-3H]uracil (40 Ci/mmol) was used for label-
ing total nucleic acids (TNA) based on reports describing its efficient
incorporation into both RNA and DNA in mycobacteria (61). Specific
activities and exposure were obtained from similar studies in M. tubercu-
losis, where uptake was shown to be linear over this time (38, 47). The
cultures were incubated for 1 h, followed by the addition of SQ109 at
concentrations ranging from 0 to 10-fold MIC values. After 10 h of SQ109
exposure, cultures were centrifuged and the cell pellets were resuspended
in 500 �l of phosphate-buffered saline (PBS) and disrupted by bead beat-
ing using a MagNA Lyser Instrument (Roche) and zirconia beads. Mac-
romolecules were precipitated by adding an equal volume of 20% ice-cold
trichloroacetic acid (TCA) followed by incubation on ice for 30 min. The
precipitate was harvested on Whatman GF/C filters and washed exten-
sively with ice-cold 10% TCA, and incorporated radioactivity was mea-
sured by liquid scintillation counting.

Electron microscopy analyses. Mid-log-phase M. tuberculosis (OD650 �
0.2) was treated with 10 times the MIC of SQ109 (20 �M), EMB (62.5
�M), or INH (2 �M) for 48 h before harvesting the cells and washing
twice with PBS containing 0.05% Tween 80 (vol/vol) (PBST). For scan-

ning electron microscopy (SEM), the cell pellets were resuspended in 1/10
volume of PBST and a 50-�l suspension was spotted on Si chips (Ted
Pella, Inc.). The cells were allowed to adhere on the chip for 15 to 20 min,
followed by two rinses with PBST. The chips were then fixed with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer. All subsequent pro-
cessing was carried out in a Pelco Biowave laboratory microwave system
(Ted Pella, Inc.) at 250 W and 20 in. Hg vacuum. The chips were postfixed
with 1% osmium tetroxide– 0.8% potassium ferricyanide in 0.1 M sodium
cacodylate, followed by rinsing with water and dehydration in a graded
ethanol series. The specimen was critical point dried in a Bal-Tec CPD 030
drier (Bal-Tec AG) and coated with 80 Å of iridium using an IBS ion beam
sputter (South Bay Technology, Inc.). SEM samples were imaged using a
Hitachi SU8000 SEM (Hitachi High Technologies). For transmission
electron microscopy, the cell pellets were fixed in 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 6.5). The pellets were postfixed in a
microwave with 1% osmium tetroxide– 0.8% potassium ferricyanide in
0.1 M sodium cacodylate, followed by 1% tannic acid in distilled water,
and stained en bloc with 1% aqueous uranyl acetate. They were then rinsed
with distilled water and dehydrated in a graded ethanol series. The pellets
were then infiltrated and embedded in Spurr’s resin which was polymer-
ized overnight in a 68°C oven. Thin sections (90 nm) were cut using a UC6
ultramicrotome (Leica Microsystems) and stained with 4% aqueous ura-
nyl acetate and Reynold’s lead citrate prior to viewing on a Hitachi H-7500
(Hitachi High Technologies) at 80 kV. Digital images were acquired with
a Hammamatsu XR-100 digital camera system (AMT).

Lipid labeling, extraction, and analysis. Radiolabeling of M. tubercu-
losis lipids with 14C-acetate was carried out by adding the sodium salt of
[1,2-14C]acetic acid (PerkinElmer Inc.) at a final concentration of 2
�Ci/ml (1 Ci/mmol) of culture with an OD650 of �0.3. Radiolabel incor-
poration was found to be linear up to 18 h under these conditions (results
now shown). Five-milliliter culture aliquots were drawn at specified times
and centrifuged, and the cell pellet was used directly to analyze total cel-
lular lipids using the methyl esterification protocol for preparing mycolic
acid methyl esters (MAMEs) and fatty acid methyl esters (FAMEs) as
described earlier (60). To analyze extractable polar lipids, the cell pellet
was extracted with 5 ml CHCl3-CH3OH (2:1) at 50°C overnight and the
tubes were then recentrifuged. The pellet contained the fraction of lipids
covalently associated with the cell wall, whereas the solvent extract con-
tained the extractable noncovalently associated polar lipid fraction (in-
cluding TMM and TDM). The cell pellet was treated to isolate MAMEs
and FAMEs for analysis as described above, whereas the extracted lipids
were dried down and redissolved in CHCl3-CH3OH (2:1) for subsequent
analysis.

Thin-layer chromatography (TLC) to analyze the extractible lipids
was carried out using 20- by 20-cm silica gel 60 plates (EMD Chemicals,
Inc.), and different solvent systems were used for separation based on the
lipid species and required resolution. For visualizing MAMEs and FAMEs,
material containing 10,000 cpm was diluted in an equal volume of acetone
and spotted on to TLC plates that were developed three times using pe-
troleum ether-diethyl ether (85:15) (60). For single-dimensional analysis
of extractable polar lipids, TLC plates were loaded with samples as
described above (except that the extractable lipids were dissolved in
CHCl3-CH3OH, 2:1) and the plates were developed in either CHCl3-
CH3OH-NH4OH (80:20:2) (7) or CHCl3-CH3OH-H2O (62:25:4) (49).
Two-dimensional TLC analysis of extractable polar lipids was carried out
using the following solvent system: first dimension, CHCl3-CH3OH-H2O
(62:25:4), followed by CHCl3-CH3COOH-CH3OH-H2O (50:60:2.5:3)
for separation in the second dimension. The TLC plates were air dried and
visualized using a phosphorimager (Typhoon Trio), and densitometry
was carried out using the accompanying ImageQuant software (GE
Healthcare).

Ag85 protein purification and activity assays. The recombinant
Ag85A, -B, and -C proteins were expressed and purified using the
pMRLB41 (for Ag85A), pMRLB47 (for Ag85B), and pMRLB16 (for
Ag85C) plasmid systems and protocols as specified by TBVTRM-CSU
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(http://www.cvmbs.colostate.edu/mip/tb/). Native Ag85A, -B, and -C
were also obtained from TBVTRM-CSU for activity analysis. Ag85
enzymatic assays were performed using a previously described proto-
col (36).

Synthesis of SQ109 and its analogs. SQ109 was synthesized as de-
scribed previously (40). Detailed methodology and schemes used in the
chemical synthesis of SQ109 analogs used in the current study are in-
cluded in the supplemental material. The compounds DA5 and DA8 were
purchased from ChemBridge Corporation (San Diego).

Isolation and genetic characterization of mutants cross resistant to
SQ109. The compounds DA5 (SRI 356596) and DA8 (SRI 391844) were
initially identified in a screen for growth inhibition of M. tuberculosis
which was run at the Southern Research Institute as part of the MLPCN
program and part of the Tuberculosis Antimicrobial Acquisition and Co-
ordinating Facility program contracts N01-AI-95364 and NO1-AI-15449
(24). M. tuberculosis mutants resistant to DA5 and DA8 were isolated by
plating 10-fold serial dilutions of liquid cultures grown to an OD600 of
�1.5 onto plates containing 40 �M DA5 and 21.1 or 42.2 �M DA8,
respectively. The plates were incubated for 4 weeks, after which growth
was observed. Colonies were picked, grown in liquid medium, and sub-
jected to MIC testing using DA5, DA8, and SQ109. A single DA5-resistant
isolate and one colony from each of two DA8-resistant isolates were sent
for chromosomal DNA sequencing and single nucleotide polymorphism
(SNP) analysis. Whole-genome fragment libraries were prepared using
Illumina’s paired-end sample preparation kit. DNA samples were hybrid-
ized onto the flow cell by using the paired-end cluster generation kit,
version 2 (Illumina, San Diego, CA), and transferred to the genome ana-
lyzer IIx, and 50 cycles of sequencing were performed using the 36-cycle
sequencing kit, version 3 (Illumina, San Diego, CA). Sequencing Control
Studio version 2.5 was used with Integrated Real Time Analysis version
1.5.35.0 on the genome analyzer IIx, and Pipeline version 1.5.0 was used
for analysis. The resulting 8 to 11 million reads were aligned to the H37Rv
genome using bwa, version 0.5.9 (42), and converted to a .sam file and then to
a .bam file with samtools version 1.17 (43). The .bam file was sorted, dupli-
cates were removed, and SNPs were called with SAMtools mpileup (extended
BAQ calculations were engaged). Only high quality (�200) homozygous
SNPs were reported. The online programs TMHMM (http://www.cbs.dtu.dk
/services/TMHMM-2.0/) and TMpred (http://www.ch.embnet.org/software
/TMPRED_form.html) were used to predict the topology of the putative
MmpL3 protein.

RESULTS
In vitro kill kinetics of SQ109. To determine if SQ109 exhibited
bacteriostatic or bactericidal activity against M. tuberculosis, in
vitro survival assays were performed. Aerobic batch cultures were
exposed to EMB, INH, the SQ109 analog NIH59 (40, 55), and
SQ109, and cell survival was followed for 21 days (Fig. 2). SQ109
and its analog NIH59 reduced early-culture cell viability and ex-
hibited activity similar to that of INH, a known M. tuberculosis
bactericidal agent (26). In addition, EMB and SQ109 reduced my-
cobacterial survival by approximately 5 logs by day 21 (Fig. 2).

There was an increase in the number of bacilli in the batch
culture exposed to INH after 4 days of exposure, which can be
attributed to the high rate of emergence of INH resistance ob-
served under in vitro conditions (8). We were also unable to isolate
spontaneous SQ109 mutants when M. tuberculosis was plated on
agar containing 5- or 10-fold the MIC of SQ109 or by attempts to
generate resistant mutants in serial liquid culture at different
SQ109 concentrations, whereas INH mutants were isolated at re-
ported frequencies (data not shown). These results suggested that
SQ109 inhibited an essential target where mutations in residues
critical for SQ109 binding are not tolerated, or it is possible that
this compound inhibited multiple targets.

SQ109 affects covalent attachment of lipids to the cell enve-
lope. Transcriptional profiling studies had suggested that SQ109
has a mechanism of action distinct from that of EMB (11). To
confirm that the primary effect of SQ109 was still directed toward
the cell envelope, we performed macromolecular incorporation
assays to quantify protein, nucleic acid, and cell wall biosynthesis
using radiolabeled precursors. These results demonstrated that
SQ109 did not inhibit the incorporation of uracil, L-leucine, or
N-acetyl-D-glucosamine as markers of nucleic acid, protein, and
peptidoglycan synthesis, respectively, at sub-MIC concentrations,
although inhibition was evident, especially for peptidoglycan bio-
synthesis, at concentrations above its MIC (Fig. 3A). In contrast,
treatment of cells with SQ109 followed by radiolabeling with 14C-
acetate showed that there was a rapid and dramatic reduction of
lipids covalently bound to the cell wall upon SQ109 treatment.
EMB, in contrast, resulted in a more gradual decline of covalently
attached lipids (Fig. 3B). This rapid inhibition of covalently at-
tached lipids was not mirrored in the total free lipids with either
SQ109 or EMB (Fig. 3C). Thus, SQ109 appears to specifically af-
fect attachment, not biosynthesis, of lipids to the mycobacterial
cell wall during assembly.

Effect of SQ109 on cell wall ultrastructure. We next analyzed
the ultrastructural changes that occurred in M. tuberculosis after
treatment with SQ109 and other known inhibitors of cell wall
assembly by scanning and transmission electron microscopy (Fig.
4). Scanning electron microscopy revealed that M. tuberculosis
cells showed significant ruffling of the surface upon SQ109 treat-
ment (Fig. 4Ai). Similar to INH-treated (Fig. 4Aii) and EMB-
treated (Fig. 4Aiii) cells, SQ109-treated cells were slightly shorter
than untreated cells (Fig. 4Aiv). Quantification of cell length from
150 bacilli for each treatment revealed that all three cell wall in-
hibitors reduced cell length by about 30% (see Fig. S1 and Table S1
in the supplemental material). Treatment with all three cell wall
inhibitors likewise resulted in cells with a larger transverse diam-
eter, with untreated cells having a width of 0.36 � 0.03 �m
(mean � standard deviation) and SQ109-treated cells having a
width of 0.43 � 0.04 �m (see Table S1). Transmission electron
microscopy of sections cut from identically treated fixed cells
showed that SQ109 treatment resulted in an accumulation of elec-
tron-opaque material in the region separating the plasma mem-

FIG 2 In vitro activity of SQ109. Survival of M. tuberculosis following 10�
MIC exposure to EMB, INH, NIH59, and SQ109 under aerobic conditions.
Batch cultures were propagated in the presence of the indicated drugs, and
samples were withdrawn for determining CFU counts by plating on the days
indicated. The increase in CFU counts in the INH treatment is due to the
emergence of spontaneous resistance as reported previously (8).
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brane from the electron-lucent cell wall skeleton (Fig. 4Bi and ii).
This dense zone was more similar to the appearance of INH-
treated cells (Fig. 4Biii and iv) but appeared more pronounced.
SQ109-treated cells looked very distinct from untreated (Fig.
4Bvii and viii) and EMB-treated (Fig. 4Bv and vi) cells, consistent
with a distinct mechanism of cell wall inhibition.

SQ109 inhibits attachment of mycolates to the cell wall and
TDM, resulting in TMM accumulation. The macromolecular in-
corporation assays and ultrastructural analyses suggested that the
target of SQ109 was associated with assembly of the cell wall, con-
sistent with the upregulation of the iniBAC operon and a previ-
ously reported increase in cell wall arabinose content on SQ109
exposure (11). To narrow the target down further, we explored the
effect of SQ109 on the attachment of mycolic acids to the cell wall
skeleton. Following extraction of peripherally associated lipids,
saponification of the covalently attached cell wall lipids revealed
that all three classes of arabinogalactan-anchored mycolates were
rapidly depleted (Fig. 5A). Newly synthesized mycolates attached
to the cell wall were undetectable within 75 min of SQ109 treat-
ment. In contrast, EMB resulted in a gradual decline in cell wall-
attached mycolates that were still detectable after 5 h of drug treat-
ment (Fig. 5A). Treatment of cells with SQ109 did not affect total
fatty acid and mycolate pools (Fig. 6A and B) in the time frame
that this drug abolished attachment of mycolates to the cell wall
(Fig. 5).

TDM levels in the extractable lipid fraction gradually increase

upon EMB treatment (Fig. 5B), as has been previously reported
(49), presumably resulting from the accumulation of mycolates in
TDM as a result of the disappearance of terminal hexarabinofura-
noside attachment sites for mycolates. In contrast to this, SQ109
treatment resulted in an immediate loss of detectable TDM even at
the shortest time points analyzed (Fig. 5B). Despite the rapid loss
of mycolic acids in both the cell wall skeleton and TDM, analysis of
total fatty acids by saponification of whole cells showed that the
net mycolic acid levels were largely unaffected even after 3 h of
drug treatment.

The effect of SQ109 on TDM production led us to look at
upstream TMM levels, since this molecule is the likely precursor
to TDM and cell wall mycolates (65). TLC analysis using a previ-
ously described solvent system (49) led to better separation and
resolution of these lipids (Fig. 7A). As expected, the spots corre-
sponding to TMM and TDM were absent in the INH-treated cul-
ture due to complete inhibition of mycolic acid biosynthesis,
whereas TDM accumulation was observed in the EMB-treated
sample (Fig. 7A). TDM production was abolished on SQ109 treat-
ment, but there was a corresponding increase in the intensity of
the spot corresponding to TMM compared to that of the un-
treated control (Fig. 7A). Densitometric analysis of the image fur-
ther confirmed that SQ109-treated M. tuberculosis cells lost the
ability to produce TDM, with concomitant accumulation of
TMM (Fig. 7B). To rule out any ambiguity due to comigrating
lipid species, 2-dimensional TLC was performed using the same

FIG 3 Macromolecular incorporation assays indicate that SQ109 inhibits precursor incorporation during cell wall biosynthesis. (A) Cultures were labeled with
[4,5-3H]L-leucine, [1-3H]N-acetyl-D-glucosamine, and [5,6-3H]uracil for 1 h to monitor protein, peptidoglycan, and total nucleic acid biosynthesis, respectively,
upon being exposed to different concentrations of SQ109 based on its MIC. (B and C) SQ109 inhibits precursor incorporation into cell wall lipids. Batch cultures
were exposed to 10� MIC concentrations of EMB and SQ109 for the indicated times followed by labeling with 14C-acetate for 1 h. Cells were harvested and
extracted with CHCl3-CH3OH (2:1), and the solvent extract contained polar extractable lipids, whereas lipids covalently associated with the cell wall remained
in the insoluble material. (B) Radioactivity recovered from the solvent-extracted pellet after saponification (representing covalently bound cell wall lipids)
showing the rapid decrease in the incorporation of 14C into cell wall-bound lipids on SQ109 treatment. (C) Radioactivity recovered in solvent extract prior to
saponification (representing extractable polar lipids).
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samples, which clearly demonstrated the accumulation of TMM
in SQ109-treated cultures in comparison to its levels in INH or
EMB treatment (Fig. 7C). The inhibition of TDM production oc-
curred in a dose-dependent manner (see Fig. S2 in the supplemen-
tal material).

SQ109 does not inhibit antigen 85-mediated transesterifica-
tion. The Ag85 proteins are mycolyltransferases capable of cata-
lyzing the transesterification of mycolic acids between a range of
acceptors (2). Mycolic acid transfer between two TMM molecules
leads to the formation of one TDM and a free trehalose (7). Since

SQ109 inhibits TDM production and leads to the accumulation of
TMM in M. tuberculosis, the Ag85 proteins were evaluated for
their sensitivity to SQ109 inhibition. Native and recombinant
Ag85A, -B, and -C proteins were purified and analyzed in mycolyl-
transferase reactions as previously described, using the known
Ag85 inhibitor 6-azido-6-deoxy-�, �=-trehalose (ADT) as a posi-
tive control (7). EMB and NIH59 (see Fig. 9A) were also included
in this analysis (Fig. 8). When added at 200 �M final concentra-
tion, ADT inhibited the mycolyltransferase activity of native
Ag85C protein by 69%, as reported previously (7), whereas EMB,

FIG 4 Ultrastructural changes associated with SQ109 treatment parallel the changes observed with INH and EMB treatment. (A) Scanning electron micrographs
of M. tuberculosis treated with 10� MIC of SQ109 (i), EMB (ii), or INH (iii) for 48 h, as opposed to untreated cells (iv), show shortening of cells on drug exposure.
Scale bar: 1 �m. (B) Transmission electron micrographs of M. tuberculosis treated with 10� MIC of SQ109 (i, ii), INH (iii, iv), or EMB (v, vi), as opposed to
untreated cells (vii, viii), showing longitudinal (i, iii, v, vii) and transverse (ii, iv, vi, viii) sections of representative cells, respectively. Scale bar: 100 nm. Treated
cells show cell wall layer thickening with all three agents.

FIG 5 Mycolate lipid profiles of M. tuberculosis on drug exposure. Bacteria in batch cultures were exposed to 10� MIC concentrations of EMB and SQ109 for
1 h and were then labeled with 14C-acetate. Cells were harvested at indicated time points, and the pellets were extracted with CHCl3-CH3OH (2:1). (A) TLC
analysis of MAMEs and FAMEs isolated from pellets after free lipids were removed by CHCl3-CH3OH extraction. Solvent system: petroleum ether-diethyl ether
(85:15). The figure demonstrates loss of incorporation of de novo-synthesized mycolic acids into the cell wall on SQ109 exposure, contrary to the results for the
EMB control. (B) Extractable lipid profiles (CHCl3-CH3OH extract of pellet) showing accumulation of TDM on EMB exposure, as previously reported (49), and
loss of TDM production on SQ109 treatment. Solvent system: CHCl3-CH3OH-NH4OH (80:20:2).
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NIH59, and SQ109 at similar concentrations did not inhibit the
enzyme under these conditions (Fig. 8). Instead, a slight enhance-
ment of enzyme activity was observed, possibly due to improved
solubilization of the substrates and products (Table 1). This effect
was observed for all three isoforms of Ag85 (Table 1). These results
demonstrate that the in vivo loss of mycolate transfer to the cell
wall arabinogalactan and accumulation of TMM by SQ109 was
not due to direct inhibition of the Ag85 mycolyltransferases.

Mutations in MmpL3 confer resistance to SQ109 and ana-
logs. Despite repeated attempts on both solid and liquid media,
we were unable to select for spontaneous mutants that were
SQ109 resistant. We therefore examined related compounds in
the hope that they would at least partially share the same binding
site and perhaps allow for the generation of resistance. NIH59
produced transcriptional profiles in treated M. tuberculosis cells
that were very similar to those of SQ109-treated cells, suggesting

FIG 6 Total mycolic acid and fatty acid profiles (intracellular and cell wall associated) from M. tuberculosis cells on SQ109 treatment. Cells were processed as
described for Fig. 5 without prior chloroform-methanol extraction to remove free lipids, demonstrating that SQ109 does not reduce mycolic acid biosynthesis.
(A) TLC analysis of total MAMEs and FAMEs isolated. (B) Radioactivity recovered from cell pellets after esterification to measure total 14C incorporated into
mycolic acids and fatty acids.

FIG 7 SQ109 treatment leads to the loss of TDM biosynthesis and the accumulation of TMM. (A) TLC analysis of extractable polar lipids after EMB, INH, and
SQ109 treatment (spots corresponding to TDM and TMM are indicated). Solvent system: CHCl3-CH3OH-H2O (62:25:4). (B) Densitometry analysis of spots
corresponding to TDM and TMM from panel A on exposure to the respective drugs, showing the relative levels of the two glycolipids. (C) Two-dimensional TLC
analysis and resolution of extractable lipids, showing TDM and TMM migration and accumulation of TMM on SQ109 treatment. Solvent system: first dimension
(y axis), CHCl3-CH3OH-H2O (62:25:4), and second dimension (x axis), CHCl3-CH3COOH-CH3OH-H2O (50:60:2.5:3). CONT, control.
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that this compound affected a similar target (11). To verify that
other SQ109 analogs have a similar mechanism of action to
SQ109, we monitored the characteristic disappearance of TDM
and accumulation of TMM in cells upon exposure to the com-
pounds. MIC testing showed that complete reduction of the gera-
nyl group of SQ109 (DBK7) or replacement of this with another
adamantyl group (DBK13) led to only a slight reduction in activity
compared to that of SQ109 (Fig. 9A). The replacement of the
adamantyl and geranyl groups with other bulky groups also di-
minished activity only slightly, as seen in the case of NIH59. Treat-
ment of cells at 10-fold their respective MIC concentrations fol-
lowed by 14C-acetate labeling and lipid analysis showed that all of
these analogs of SQ109 (DBK7, DBK13, and NIH59) similarly
inhibited TDM synthesis concomitant with TMM accumulation
(Fig. 9). In addition, we analyzed two related compounds (DA5
and DA8) that had been identified in a high-throughput chemical
screen for M. tuberculosis growth inhibition and which also po-
tently upregulated the iniBAC operon (D. A. Alland, unpublished
results). These compounds also contained the characteristic ami-
no-adamantyl (or amido-adamantyl) group of SQ109 and simi-
larly inhibited TDM synthesis concomitant with TMM accumu-
lation (Fig. 9).

DA5 and DA8 had significantly higher MICs than SQ109, sug-
gesting that they had reduced affinity for the target and, therefore,
might more easily allow mutation of the target which could lead to
resistance. Plating M. tuberculosis cells on medium containing ei-
ther DA5 or DA8 resulted in the appearance of resistant mutants
at a moderate frequency of approximately 1 in 107 cells. Two DA5-
resistant (5_1 and 5_2) and three DA8-resistant (8_1, 8_2, and
8_3) mutants were isolated, and all five mutants were found to be
cross-resistant to SQ109 (Table 2). To identify the mutation(s)
associated with DA5, DA8, and SQ109 resistance, the genomes of
three mutants, 5_1, 8_2, and 8_3, respectively, were sequenced.
All three mutants had single nucleotide transition mutations lead-
ing to replacement polymorphisms in the gene encoding the
membrane transport protein MmpL3 (Rv0206c), which is con-
served across all mycobacteria for which genome sequences are
available. The 5_1 mutant had a G2098A transition leading to an

A700T amino acid change, whereas the 8_2 and 8_3 mutants had
an A119G transition leading to a Q40R change in the predicted
amino acid sequence of MmpL3. The 5_1 mutant was sequenced
independently a second time, producing exactly the same result.
In addition to the mmpL3 mutation, the 8_2 and 8_3 mutants had
a T ¡ C transition mutation at position 2055375 in the M. tuber-
culosis H37Rv genome, which is in the intergenic region between
the Rv1812c and Rv1813c open reading frames, encoding a puta-
tive dehydrogenase and a small conserved hypothetical protein,
respectively, both of which are predicted to be secreted and non-
essential in M. tuberculosis (37, 58). Further sequencing of mmpL3
of a DA5- and DA8-resistant mutant further confirmed that single
nucleotide polymorphisms in this gene were associated with resis-
tance, with one of these (8_1) carrying a novel mutation leading to
an L567P amino acid change (Table 2). These results strongly
suggest that the target of SQ109 and related analogs is the essential
transmembrane transporter encoded by mmpL3. Treatment of the
resistant mutants with SQ109 or analogs showed that TDM pro-
duction was inhibited at concentrations above their respective
MIC concentrations (see Fig. S3 and S4 in the supplemental ma-
terial). The role of MmpL3 in TMM transport to the cell wall
would suggest that accumulated TMM would be consumed by the
extracellular mycolyltransferases after removal of SQ109. To
verify this, we treated cells with 10-fold the MIC of SQ109 fol-
lowed by radiolabeling of lipids. Cells were subsequently washed
to remove radiolabel and drug, followed by outgrowth. Subse-
quent TLC analysis of extractable lipids demonstrated that the
accumulated TMM disappeared, with radiolabel appearing in a
time-dependent manner in TDM (see Fig. S2 in the supplemental
material), with most radiolabel expected to convert to arabinan-
linked mycolates.

DISCUSSION

Although SQ109 was developed as an analog of EMB, a known
inhibitor of cell wall arabinogalactan biosynthesis, biochemical
and transcriptional data have previously suggested that the target
of SQ109 is different from that of EMB. Here, we showed by using
macromolecular incorporation assays to probe for effects on pro-
tein, nucleic acid, peptidoglycan, and lipid biosynthesis that
SQ109 rapidly inhibits the attachment of lipids to the cell wall.
This confirms our earlier supposition (11, 40) that upregulation of
the iniBAC operon is indicative of inhibition of cell wall biosyn-
thesis. Recent work suggests that this operon encodes an unchar-
acterized pump conferring multidrug tolerance (15). Ultrastruc-

TABLE 1 Effect of SQ109 and ADTa on Ag85A, Ag85B, and Ag85C
mycolyltransferase activities

Compoundb

% Inhibition of TDM productionc

Ag85Ad Ag85Bd Ag85Cd

ADT 56 38 69
SQ109 �23 �251 �166
a 6-Azido-6-deoxy-�, �’-trehalose (ADT) is a known inhibitor of the Ag85 proteins and
was used as a positive control.
b The respective compounds were used at 200 �M final concentration.
c The assay measures 14C-TDM production (36). TDM production in a control reaction
for each enzyme treated with dimethyl sulfoxide only was taken to be 100%,
respectively. Negative values indicate increased levels of TDM production and lack of
inhibition.
d Native enzymes purified from M. tuberculosis culture supernatants and supplied by
TBVTRM-CSU were used in the analysis.

FIG 8 SQ109 is not an Ag85 mycolyltransferase inhibitor. Inhibition assays
using native Ag85C from M. tuberculosis are shown (36). The known Ag85
inhibitor 6-azido-6-deoxy-�, �=-trehalose (ADT) was used as a positive con-
trol, and EMB and NIH59 were used as negative controls. The spots corre-
sponding to TDM and TMM are indicated. Solvent system for TLC analysis:
CHCl3-CH3OH-NH4OH (80:20:2).
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tural analysis of cells treated with SQ109 confirmed that it resulted
in cell shortening and widening similar to that seen with EMB and
INH, which affect the assembly of the arabinan and mycolate
components of the mycolyl-arabinogalactan-peptidoglycan com-
plex of the cell wall, respectively (Fig. 4).

Current models of the cell wall core are consistent with an
inner leaflet composed of a monolayer of parallel mycolic acid
chains linked to arabinan, interdigitated by an outer leaflet com-
posed of TDM and TMM (and other amphiphiles), resulting in a
tightly packed bilayer. There are several theoretical models pro-

FIG 9 Identification of adamantyl diamines and related compounds that retain the ability to inhibit TDM production in M. tuberculosis. (A) Identification of the
SQ109 analogs and adamantyl amines/amides that inhibit the growth of M. tuberculosis. Structures of the compounds synthesized in the current study (DBK
series) and identified in a screen for growth inhibition of M. tuberculosis (DA series) are shown, and their MICs are indicated in parenthesis. (B) Ability of the
compounds to inhibit TDM production in M. tuberculosis.

TABLE 2 Resistance and single nucleotide polymorphism profiles of SQ109 cross-resistant mutants

M. tuberculosis
H37Rv isolatea

Fold resistanceb

Gene mutationcDA5 DA8 SQ109 INH Rif EMB

WT 1 1 1 1 1 1 Not applicable
5_1 �4 ND 4 1 1 1 mmpL3 G2098A/A700Td

5_2 4 ND 2 ND ND ND mmpL3 G2098A/A700Td

8_1 4 8–10 2–8 1 1 1 mmpL3 T1700C/L567Pd

8_2 ND 8–10 2–4 ND ND ND mmpL3 A119G/Q40Rd and T2055375Ce

8_3 4 8–10 2–4 ND ND ND mmpL3 A119G/Q40Rd and T2055375Ce

a The wild-type strain (WT) was used to isolate spontaneous mutants resistant to DA5 and DA8, which were used to check for cross-resistance to SQ109.
b Fold increase in MIC compared to that of the WT strain. ND, not done.
c Mutations for 5_1, 8_1, and 8_3 were identified by whole-genome sequencing. The gene and the specific amino acid change are indicated. Mutations for 5_2 and 8_2 were
confirmed by sequencing of mmpL3.
d Nucleotide number, based on the sequence of the mmpL3 open reading frame where the first nucleotide of the start codon was assigned as nucleotide number 1, and amino acid
number, based on the sequence of mmpL3.
e Nucleotide number, based on the complete genome sequence of M. tuberculosis H37Rv; the mutation lies in the intergenic region between Rv1812c and Rv1813c.
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posed to explain the unexpectedly thin and symmetrical nature of
the core (27, 74). Inhibition of mycolate attachment either directly
by inhibition of its synthesis by INH or by inhibiting the forma-
tion of cell wall arabinan to which mycolic acids are attached by
EMB could compromise the permeability of the cell wall core to
the staining reagents or increase the association of this layer with
material with increased staining characteristics (48). SQ109 re-
sults in a rapid decrease in the attachment of mycolic acids to the
cell wall arabinogalactan complex, as well as to TDM (Fig. 5), and
is associated with a drop in cellular viability (Fig. 2). The loss of cell
wall mycolates was not due to inhibition of their biosynthesis as
total mycolate pools were unaffected (Fig. 6). Concurrent with the
loss of mycolate transfer to the cell wall or TDM, TMM accumu-
lated in SQ109-treated cells (Fig. 7). This series of metabolic ef-
fects is distinct from the effects of any known inhibitors of M.
tuberculosis cell wall assembly, including EMB and INH.

The biosynthesis of mycolic acids by the Fas-II complex and
the acyl-coenzyme A carboxylase (AccA3/AccD4)/acyl-AMP li-
gase (FadD32)/polyketide synthase 13 (Pks13) complex has been
described in detail (reviewed in references 5 and 50), but the steps
relating to their transport across the cell membrane and attach-
ment to the cell wall are not clear (63). The current model suggests
that the reductase encoded by the Rv2509 gene catalyzes the final
reaction during mycolic acid biosynthesis, converting the �-keto
group remaining from condensation of the �-branch with the
meromycolate precursor to a �-hydroxy moiety (10), most prob-
ably while they are still attached to Pks13. This is followed by
sequential steps catalyzed by the hypothetical mycolyltransferases
I and II, which mediate the transfer of the mycolic acids from
Pks13 to a mannose-P-heptaprenol carrier (9) and trehalose, re-
spectively, eventually leading to the formation of TMM within the
cell (Fig. 1) (63). TMM is then exported out of the cell by an
unidentified transporter, predicted to be an ATP binding cassette
(ABC) family transporter (63). Once outside the cell, the antigen
85 proteins (Ag85A, -B, and -C) mediate mycolate transfer from
one TMM molecule to another to give TDM and, also, from TMM
to the cell wall arabinogalactan (Fig. 1) (7). It has also been dem-
onstrated that the purified Ag85 mycolyltransferases can convert
TMM to TDM in vitro (7) and that deletion of the Ag85C gene
significantly reduces the mycolic acid content of the M. tuberculo-
sis cell wall (29). The events between reduction of the �-keto
group of the mycolates and their attachment to the cell wall or
deposition into TDM are unknown (Fig. 1).

The effect of SQ109 on TDM and TMM levels mimics the
phenotype of mycolyltransferase mutants of Corynebacterium. In-
dividual disruption of any of its five Ag85-like genes reduces trans-
fer of mycolates to the cell wall, leading to TDM depletion and
TMM accumulation (18, 56). The demonstration that the inhibi-
tion of transfer of mycolates to form TDM and cell wall arabinoga-
lactan is not due to inhibition of the secreted Ag85 mycolyltrans-
ferases (Fig. 8 and Table 1), the only known proteins capable of
performing the two described processes (7), suggests that SQ109
and the other active compounds identified in Fig. 9 must inhibit a
step prior to the one catalyzed by the Ag85 proteins, thereby pre-
venting access of the mycolyltransferases to TMM. According to
the currently accepted model (Fig. 1), there are three key hypo-
thetical proteins that yet remain to be identified. These include the
two additional mycolyltransferases (I and II) involved in TMM
formation and the membrane transporter that pumps TMM out
of the cell (63). Since TMM is still produced in the presence of

SQ109, the hypothetical mycolyltransferases I and II are presum-
ably unaffected by this compound, leaving the TMM transporter
as the prime candidate for inhibition by SQ109.

We were unable to generate spontaneous SQ109-resistant mu-
tants to confirm this hypothesis, suggesting that the compound
inhibited an essential target where the amino acid residues critical
for binding of SQ109 are equally important for the function of the
target or that the binding interactions were sufficiently strong that
single mutations were unable to confer resistance. Given the rela-
tively large and highly hydrophobic nature of SQ109, a large bind-
ing surface is not unlikely, making the development of resistance
through single amino acid changes difficult. Nonetheless, the pos-
sibility cannot be excluded that this compound affects other sec-
ondary targets in the cells. Using analogs of SQ109, which we
biochemically demonstrated have the same mechanism of action
but showing weaker activity, we were able to generate resistant
mutants that showed 2- to 8-fold cross-resistance to SQ109 (Table
2). Most of these analogs shared the ethylenediamine core struc-
ture and resulted in loss of TDM formation with concomitant
TMM accumulation (Fig. 9). The fact that these compounds al-
lowed the generation of spontaneously resistant mutants suggests
that the amino acid residues critical for binding of these com-
pounds were not the same residues that drive the binding of
SQ109. The modest cross-resistance of these mutants to SQ109
(Table 2) supports this notion. Whole-genome resequencing of
three of these mutants identified mutations in the essential
mmpL3 gene (19). Mutations in mmpL3 were also identified in a
further two resistant mutants (Table 2). MmpL3 was a very attrac-
tive candidate as a TMM pump since this is the only protein of this
family with an essential function.

The MmpL proteins belong to the resistance, nodulation, and
cell division (RND) family of membrane proteins that are in-
volved in the transport of diverse ligands out of the cell, driven by
energy from the proton motive force (52). These proteins gener-
ally contain 12 transmembrane helices with large loops between
transmembrane segments 1 and 2 and 7 and 8 that are extracyto-
plasmic and are involved in substrate recognition (23). Using to-
pology prediction algorithms, the mutation in the 5_1 strain
(A700T) was mapped to the base of the last transmembrane helix
(number 12) and is predicted to be located on the outer face of the
cell membrane. The Q40R mutations in the 8_2 and 8_3 strains
mapped to the first extracytoplasmic loop between transmem-
brane helices 1 and 2, which is known to be important for sub-
strate recognition in other related proteins. Since both mutations
changed amino acids predicted to reside outside the transmem-
brane helices, it is possible that these mutations decrease/alter the
ability of SQ109 and other related compounds to bind to and
inhibit the function of the mutant MmpL3 proteins, leading to
resistance. In a study that interrogated the role of all 13 of the M.
tuberculosis mmpL genes, it was demonstrated that the mmpL3
gene was the only essential member of this family since attempts to
delete this gene were unsuccessful (19). Therefore, our results sug-
gest that the MmpL3 protein is the most probable cellular target of
SQ109 and related compounds (Fig. 9A) and that MmpL3 is thus
the likely TMM transporter. Other MmpL proteins also encode
transporters of cytoplasmically synthesized lipids, and their non-
essentiality is rationalized by the fact that none of these lipids are
essential for in vitro growth. For example, the MmpL7 protein has
been shown to be involved in the transport of the surface-exposed
lipid phthiocerol dimycocerosate (PDIM) across the cell mem-
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brane (14). In addition, the MmpL8 protein has been shown to be
involved in the transport of the precursor of the sulfolipid SL-1
across the cell membrane (16, 20). Interestingly, the final stages of
biosynthesis and transport are coupled for both MmpL7 and
MmpL8. In both systems, the terminal polyketide synthase en-
zyme is attached to the lipid substrate to be transported, and in the
case of MmpL7, it has been shown to physically interact with PpsE,
the last polyketide synthase involved in PDIM biosynthesis (30).
In the case of MmpL8, the esterification of hydroxyphthioceranic
acids to a diacyl-trehalose-sulfate is directly associated with the
export of sulfolipid-1 (16, 20). Comparison of the known PDIM
and SL-1 export mechanisms with the final stages of mycolic acid
biosynthesis suggests additional similarities between the three
processes. The precursors of the mycolic acids remain linked to
the acyl carrier domain of Pks13 to a late, as-yet-undefined stage
(63). Therefore, it is possible that Pks13 and MmpL3 function in a
manner similar to that of the PksE-MmpL7 and the Pks2-MmpL8
proteins that are involved in PDIM and SL-1 export, respectively.
The transferase that esterifies the mycolic acid to trehalose is not
dependent on the function of MmpL3 since TMM accumulation
occurs when the function of MmpL3 is inhibited, unlike MmpL8,
whose deletion abrogates the transfer of hydroxyphthioceranic
acids (16, 20).

In conclusion, our results suggest that MmpL3 is the trans-
porter of TMM and that TDM formation and anchoring of my-
colic acids to the cell envelope require TMM export. This finding
ties in well with the currently proposed model for mycolic acid
processing and export since the involvement of the MmpL pro-
teins in lipid transport seems to be a common theme in mycobac-
teria. The initial increase in peptidoglycan biosynthesis observed
in the present study, followed by its inhibition, and the previously
reported increase in the arabinose content in M. tuberculosis cell
walls treated with SQ109 (11) agrees well with this model since
proper assembly of the mycolyl-arabinogalactan-peptidoglycan
complex requires the coordinated biosynthesis of all three com-
ponents (25). Therefore, inhibiting the biosynthesis of one of its
components could lead to short-term compensatory effects and
increased production of the other components, prior to complete
cessation and cell death. The inhibition of mycolic acid biosynthe-
sis by drugs such as INH (64), peptidoglycan biosynthesis by beta-
lactams (28), branching of cell wall arabinan synthesis by EMB
(49, 62), and inhibition of the epimerization of ribose residues
required for arabinan synthesis by the benzothiazinones (46)
highlight the extreme vulnerability of the assembly mechanism of
the cell wall mycolyl-arabinogalactan-peptidoglycan complex in
M. tuberculosis and suggest that there may be other, as-yet-un-
tapped targets for TB treatment.
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